Thioflavin T (ThT) is a widely used fluorescent probe of amyloid fibrils, which accompanies many serious neurodegenerative and other diseases. Until recently, examinations of processes of amyloid fibril formation in vitro were conducted in solutions whose properties were significantly different from those found inside the densely packed cells. Such crowded cellular milieu is typically simulated in vitro using concentrated solutions of inert polymers, which do not usually interact with proteins. However, these crowding agents can have a direct effect on the ThT molecule, and this effect must be taken into account. We examined the influence of PEG-400, PEG-12000, and Dextran-70 on the photophysical properties of ThT. It was shown that these crowding agents caused the red shift of the absorption, fluorescence excitation, and fluorescence spectra of ThT. Under these conditions, the increases of the molar extinction coefficient, fluorescence quantum yield, and excitation lifetime of ThT are also observed. However, these changes are significantly less pronounced than those observed for ThT bound to fibrils. It is concluded that, despite some effects of crowding agents on intrinsic fluorescent properties of ThT, this dye can be used as a probe of structure and formation of amyloid fibrils in crowded milieu in vitro.
Introduction
Amyloid fibrils are extended, -sheet-rich regular protein aggregates. The formation and accumulation of amyloid fibrils as intra-and extracellular deposits accompany many serious diseases, such as Alzheimer's, Parkinson's, Huntington disease, prion diseases, systemic and nonsystemic amyloidoses, and diabetes [1] [2] [3] [4] [5] [6] [7] . In recent studies, it was shown that the amyloid fibril formation is characteristic not only for proteins associated with various pathogenic states but also for many pathology-unrelated proteins [8] [9] [10] [11] [12] . Many studies focus on searching for different agents that would have a therapeutic impact on amyloid fibrils (prevent or retard their formation) or would enable an investigation of the molecular mechanism of the fibril formation process and to study structure of these aggregates.
Fluorescent probes, such as benzothiazole dye thioflavin T (ThT), are widely and efficiently used for diagnosing amyloid fibril formation and studying fibrillar structure (Figure 1(a) ) [13] [14] [15] [16] . The advantage of ThT is in its high specificity of interaction with amyloid fibrils. It is considered that ThT practically does not interact with proteins in their native, unfolded, and partially folded states, with amorphous aggregates and protein oligomers. Despite the fact that some recent studies revealed that there are some exceptions from this rule (ThT was shown to bind to acetylcholinesterase [17, 18] , serum albumins [19] , and even -helical poly(Lglutamic acid) [20] ), only interaction of this dye with amyloid fibrils is accompanied by the dramatic increase (by tens of thousands times) in the fluorescence quantum yield of ThT, in comparison with that determined for the unbound dye in aqueous solution (about 0.0001) [21] . It should be noted that the current understanding of the mechanisms of ThT interaction with fibrils was formed on the basis of in vitro studies in dilute buffer solutions. However, the total concentration of biomacromolecules (various proteins, nucleic acids, and carbohydrates) in the cellular environment in vivo, where proteins naturally function, is very high (50-400 mg/mL) [22] [23] [24] . The overcrowding of the cell environment results in a deficiency of free water [22, [25] [26] [27] [28] [29] and limited available space. The volume occupied by biomacromolecules becomes unavailable for other molecules (the excluded volume effect) [25, 27] . Such conditions of macromolecular crowding may have a significant impact on various biological processes including amyloid fibril formation [25, [30] [31] [32] . Macromolecular crowding conditions may have also impact directly on photophysical properties of fluorescence probes. However, the direct influence of crowding agent on the ThT molecule was not examined yet. To fill this gap, the aim of this work was to study the spectral properties of the fluorescent probe ThT in the conditions of macromolecular crowding.
To simulate the intracellular environment in vitro, various model crowding agents are effectively used [27, 31, 33] . Crowding agents are macromolecules with a wide range of molecular weights that do not specifically interact with examined proteins (inert). In our work, three different crowding agents were used: Dextran-70 (polysaccharide constructed from the D-glucose monomers connected by glycosidic linkages) that has the highest molecular mass 70000 Da and polyethylene glycol (PEG) that belongs to the class of polyether compounds with different molecular masses: ∼12000 Da (PEG-12000) and 400 Da (PEG-400) (Figures 1(b) and 1(c)). Although solutions containing high concentrations of crowding agents are viscous, from the viewpoint of a dye molecule such solutions are characterized by high macroviscosity, which is different from the microviscosity phenomenon that can be defined as the friction experienced by a single probe molecule undergoing diffusion because of its interaction with its environment at the length scale comparable with the molecular size of the probe. To compare the effect of macro-and microviscosity, we also performed studies of the spectral properties of ThT in water-glycerol mixtures.
Materials and Methods

Materials.
The samples of "UltraPure Grade" ThT from AnaSpec (USA) were used without further purification. Samples of Dextran-70, PEG-400, and PEG-12000 from Sigma Aldrich (USA) and glycerol from Merck (Germany) were used. The stock solutions of ThT and crowding agents were prepared in purified Milli-Q water.
Preparation Solutions of Crowding Agents.
Series of solutions of crowding agents were prepared over a wide range of concentrations from 0 to 400 mg/mL. The solutions of glycerol were prepared in the concentration range from 0 to 99%. Concentrations of crowding agents and glycerol were controlled refractometrically using a refractometer IRF-45452M (Russia). The dependence of the refractive index on the glycerol concentration was taken from the work [38] . For crowding agents the dependence of the refractive index on the concentration of crowding agents obtained in our laboratory was used (data not shown; corresponding manuscript is in preparation).
Spectroscopic Studies.
The absorption spectra of crowding agents and ThT were recorded using a U-3900H spectrophotometer (Hitachi, Japan). Fluorescence measurements were conducted using a Cary Eclipse spectrofluorimeter (Agilent Technologies, Australia). Fluorescence spectra were excited at the 412 nm (ThT absorption spectrum maximum in aqueous solution) and fluorescence excitation spectra were recorded at the 490 nm (ThT fluorescence spectrum maximum in aqueous solution). Recorded fluorescence intensity and fluorescence excitation spectra were corrected on the primary inner filter effect [39] .
Fluorescence Intensity Correction on the Primary Inner
Filter Effect. It is known that the concentrational dependence of the fluorescence intensity is nonlinear due to the socalled primary inner filter effect. The reasons for this effect include both the attenuation of the excitation light flux along its path through an absorbing solution (Beer-Lambert law) and the difference between the area that is illuminated by the excitation light and the working area from which the fluorescence light is gathered (as it is in the most widely used spectrofluorimeters with vertical slits).
In the case when the area illuminated by the excitation light coincides with the working area from which the fluorescence light is gathered (the situation for the spectrofluorimeter that was used in the present work), the recorded total fluorescence intensity ( ex ) is proportional to the fraction of the excitation light that is absorbed by the solution (1−10 − Σ ). If one substance is responsible for both the absorption and fluorescence of a solution, then
Here, 0 ( ex )Δ ex is the intensity of the excitation light at ex , is a proportionality factor, Δ ex is spectral width of the slits of the monochromator in the excitation pathway, and = 0 ( ex )Δ ex is a normalization factor that is determined using a standard (a fluorescent substance with known fluorescence quantum yield) in the same experimental conditions (i.e., slits widths, photomultiplier voltage, and other pertinent factors) that were used in the experiment with the sample. The coefficient is chosen such that the total fluorescence intensity of the standard and the sample gets physical meaning to the product of the absorbance and the fluorescence quantum yield:
Here, is a correction factor that is determined from the total absorbance of the solution at ex :
It is generally accepted that, for diluted solutions characterized by low absorbance, the fluorescence intensity is proportional to the concentration of the fluorescent substance and the primary inner filter effect is negligible [39] . However, we earlier showed that this assumption is not valid and fluorescence intensity values always require correction. In reality, the total fluorescence intensity is proportional to the absorbance ( ) at only one point, when = 0 (at = 0.1, the deviation from linearity is 12%, and, at = 0.3, the deviation is 38%). In the present work, (2) and (3) were used to determine the fluorescence quantum yield of ThT in the presence of crowding agents and in water-glycerol solutions.
Determination of the Fluorescence Quantum Yield.
The fluorescence quantum yield of ThT was determined by the comparative method using the ratio
where is the fluorescence quantum yield, ATTO is the fluorescence quantum yield of a standard dye ATTO-425, 0,ATTO and 0,ThT are the fluorescence intensities of ATTO-425 and ThT corrected on the primary inner filter effect, FL,ATTO is the measured absorption of ATTO-425, and FL,ThT is the measured absorption of ThT.
Equation (4) can be obtained by dividing the term by term relationship (2) for ThT and ATTO-425.
Time-Resolved Fluorescence Measurements.
The fluorescence decay curves in the subnanosecond and nanosecond ranges were recorded by a spectrometer Pico Quant FluoTime 300 (Germany) with the Laser Diode Head LDH-C-440 ( ex = 440 nm). For registration of the ultrafast fluorescence decay curves in picosecond ranges and for the determination of the time dependence of the fluorescence intensity and the value of the fluorescence anisotropy, the upconversion device (FOG100, CDP, Russia) was used. For excitation, a cavity-dumped titanium:sapphire femtosecond laser (Mira, Coherent), which provided short pulses (120 fs) at a repetition rate of 85 MHz, was used. The samples were excited with the second harmonic light with excitation wavelength 420 nm, and the 490 nm fluorescence from the samples was upconverted by mixing it with the fundamental light pulse (gate pulse ∼ 840 nm). The upconverted signal was measured using a photon counter after passing through a proper bandpass filter and a double monochromator. All of these measurements were performed in a rotating cell (1 mm path length) to ensure better heat dissipation and to avoid dye photodegradation. The measured emission decay was fit to a multiexponential function using the standard convoluteand-compare nonlinear least-squares procedure [40] . In this method, the convolution of the model exponential function with the instrument response function (IRF) was compared to the experimental data until a satisfactory fit was obtained. The IRF was measured using cross correlation of the excitation and fundamental gate pulse. A special program was used to analyze the decay curves [41] . The fitting routine was based on the nonlinear least-squares method. Minimization was performed according to Marquardt [42] .
Fluorescence anisotropy was determined as follows: = ( − )/( + 2 ), where and are vertical and horizontal components of fluorescence intensity excited by vertical polarized light and = / is coefficient which determines the different sensitivity of the registering system for vertical and horizontal components of fluorescence intensity.
Results and Discussion
Influence of Macromolecular Crowding Conditions on the Absorption and Fluorescence Spectra of ThT.
Experimental results indicate that the presence of crowding agents or glycerol in the solution provides a red shift of the ThT absorption spectrum as compared with the absorption spectrum of the dye in aqueous solution (a maximum at = 412 nm). In Dextran-70 solutions, the smallest shift of the dye absorption spectra (about 5 nm at a concentration of the agent 400 mg/mL) (Figure 2(a) ) compared with the absorption spectra of ThT in PEG-400 (Figure 2(b) ) and PEG-12000 (Figure 2(c) ) (about 9 nm at the concentrations of the crowding agents 400 mg/mL) solutions was observed. In solutions of ThT containing glycerol in a concentration Journal of Spectroscopy 5 ranging from 0 to 99%, the red shift of absorption spectrum from 412 nm to 424 nm was also observed (Figure 2(d) ). In the recent works it was shown that the absorption spectra of ThT bound to amyloid fibrils are more red shifted than in the presence of crowding agents or glycerol (Table 1) . For example, ThT incorporated into amyloid fibrils formed from insulin, lysozyme, and 1-42 peptide has the maximum of absorption spectrum at 450, 449, and 440 nm, respectively [34] [35] [36] . Importantly, these red-shifted absorption spectra of ThT bound to fibrils can be recorded only when the samples are prepared by equilibrium microdialysis [43, 44] . The difference in the absorption spectra position can be explained by the fact that the charge of the ThT molecule is irregularly distributed between benzothiazole and aminobenzene rings in the ground and excited states. The excited state generated when the ThT molecule absorbs a light quantum is nonequilibrium. This nonequilibrium can be explained by the fact that the minimum energy in the excited state corresponds to the conformation of ThT with the angle between the planes of benzothiazole and aminobenzene rings = 90 (180) ∘ . Also it can be explained by the fact that the solvation shell of the polar solvent formed at the excited state becomes nonequilibrium due to a substantial redistribution of the charge between benzothiazole and aminobenzene rings on the transition to the excited state. Interaction with the polar solvent makes the configuration of ThT molecules with the angle approaching = 0 (180) ∘ in an excited state more advantageous, while the angle approaching = 90 (270)
∘ increases the disequilibrium of the excited ThT molecules with the solvent molecules. Thus, the ground state is stabilized by the orientation interaction of the solvent molecules with the positively charged fragments of ThT, whereas the excited state is nonequilibrium. Therefore, the most blue-shifted absorption spectrum of ThT was observed in aqueous solution (since water is the most polar solvent) [45, 46] . So, we can assume that the red spectral shift of ThT absorption spectrum in the aqueous solution in the presence of crowding agents, glycerol, and amyloid fibrils is due to the changes in the polarity of its microenvironment. Position of the fluorescence excitation spectra of ThT corrected on the primary inner filter effect in the presence of crowding agents, as expected, practically coinciding with the position of the absorption spectra of this dye.
It is shown that, in the presence of crowding agents, a slight red shift of the ThT fluorescence spectra relative to the position of the spectrum of the dye in aqueous solution (a maximum at em = 490 nm with excitation at ex = 412 nm) takes place. The minimal red shift is observed in the presence of Dextran-70 (shift about 4 nm at a concentration of 400 mg/mL) (Figure 2(a) ). The greatest influence on the position of the fluorescence spectra of the dye occurs in the presence of PEG-400 (Figure 2(b) ) and PEG-12000 (Figure 2(c) ) (shifts about 5 and 7 nm, respectively, at a concentration of the agents 400 mg/mL). The presence of glycerol in concentration range from 0 to 99% leads to a red shift of the ThT fluorescence spectrum of about 7 nm (Figure 2(d) ). In the case of the dye interaction with amyloid fibrils, its fluorescence spectra are slightly blue shifted [34, 35, 37] . The observed shifts of the fluorescence spectra are less pronounced than shifts of the absorption spectra. This may be due to the fact that the fluorescence of ThT in the solutions is caused by the transition from a nonequilibrium excited state to the nonequilibrium ground state, and the position of the peak of fluorescence spectrum is not so sensitive to the solvent polarity as the position of the maximum of the absorption spectrum.
Molar Extinction Coefficient of ThT in the Presence of
Crowding Agents. Our results showed there was not only a red shift of the ThT absorption spectrum under the influence of the crowding agents but also the change in the value of 6 Journal of Spectroscopy molar extinction coefficient of the dye ( ) evaluated using the following equation:
where ( ) is the absorption measured at the wavelength , is the concentration of the dye, and is the optical pathway.
In the presence of PEG, there is an increase in the molar extinction coefficient as compared to the value determined for the dye in aqueous solution (about 31600 M −1 cm −1 ): the value for PEG-400 (400 mg/mL) is about 35800 M −1 cm −1 and that for PEG-12000 (400 mg/mL) is about 36100 M −1 cm −1 . In the presence of Dextran-70 (400 mg/mL), the changes in the molar extinction coefficient of the dye are almost nonexistent (about 32000 M −1 cm −1 ). The value of the molar extinction coefficient of ThT in 99% glycerol is about 36000 M −1 cm −1 . In the recent works, 1 significant change in the value of the molar extinction coefficient of ThT bound to amyloid fibrils at both larger and smaller side was shown with the use of the samples prepared by equilibrium microdialysis (Table 1 ) [34] [35] [36] . This fact can be explained by different conformation of the dye molecules in water and water-glycerol solutions and in the presence of crowding agents or amyloid fibrils caused by changes in the microenvironment of ThT molecules.
Fluorescence Quantum Yield of ThT in the Crowded Milieu.
Fluorescence quantum yields of ThT in crowded conditions were calculated by using a reference dye ATTO-425 with known fluorescence quantum yield (q = 0.9) and spectral characteristics similar to the spectral characteristics of ThT. The smallest increase in the fluorescence quantum yield of ThT (about 5 times) compared with the quantum yield of the dye in aqueous solution (about 0.0001 [21] ) occurs in the presence of Dextran-70 (400 mg/mL), while the addition of PEG-400 (400 mg/mL) and PEG-12000 (400 mg/mL) leads to an about 7-8 times increase in the fluorescence quantum yield of the dye ( Table 1 ). The presence of glycerol at concentrations from 0 to 99% leads to a more than 650-fold increase in the fluorescence quantum yield. The increase in the fluorescence quantum yield of ThT in solutions of crowding agents may be due to the molecular rotor nature of ThT, with the benzothiazole and aminobenzene rings of this dye being able to be rotated relative to each other in the excited state. According to the chemical quantum calculation data, the nonradiative transition to the ground state occurs under transition of the molecule to a state with an angle between the fragments close to 90 ∘ [45] . This fact leads to a low fluorescence quantum yield of the free ThT in aqueous solution. We believe that the increase in the fluorescence quantum yield of ThT in solutions of crowding agents is caused by the restriction of the dye fragments rotation relative to each other in the excited state due to the rigidity of the microenvironment. Furthermore, the variation of the quantum yield value may be due to the differences in the conformations of the dye molecule in the ground state in aqueous solution and in the presence of crowding agents. It can be assumed that the higher values of the fluorescence quantum yields and molar extinction coefficients of ThT correspond to a more planar conformation of the dye molecule. For comparison, the values of the fluorescence quantum yield and molar extinction coefficient of ThT incorporated into amyloid fibrils formed from lysozyme, insulin, and A -peptide are shown in Table 1 [34, 35, 37] . It can be noticed that the increase in the fluorescence quantum yield of ThT in the presence of crowding agents is significantly smaller (by orders of magnitude) than that observed for the dye interacting with the amyloid fibrils.
Fluorescence Lifetime of ThT in the Crowded Medium.
As discussed above, rotation of the ThT fragments relative to each other in the excited state leads to the conformation with the disturbed -electron conjugated system ( ≈ 90 ∘ ) and, consequently, to the radiationless deactivation of the excited state of ThT molecules. In aqueous solutions, the rate of this process is much higher compared to the rotation of ThT molecule as a whole, and the fluorescence lifetime is determined by the rate of internal rotation of benzothiazole and aminobenzene rings relative to each other. In our recent works, we experimentally determined the fluorescence lifetime of the excited state of free ThT in aqueous solutions with the use of the values of radiative lifetime and fluorescence quantum yield of ThT (1 ps) [21] and the dye fluorescence decay curves (0.98 ps) [47] .
In the present work, using the femtosecond time-resolved fluorescence, we showed that, in the presence of crowding agents in concentration of 400 mg/mL, the florescence lifetime of ThT increases about an order of magnitude. Figure 3 serves as an example and shows the dye decay curves of fluorescence for ThT in the presence of PEG-400 in the concentration of 400 mg/mL (Figure 3(a) ) and glycerol in the concentration of 46% (Figure 3(b) ). Observed increase of the dye fluorescence lifetime with the increase of crowding agents (Figure 3(c) ) and glycerol (Figure 3(d) ) concentrations can be caused by the restriction of the rotational motions of ThT fragments relative to each other in the excited state and by the decrease of the rate of the radiationless deactivation of the dye molecules. For the same reason there is an increase in the dye fluorescence lifetime when it binds to amyloid fibrils. However, in this case, this value increases to nanoseconds.
Fluorescence Anisotropy of ThT in the Presence of Crowding Agents. Direction of the transition dipole moment of
ThT coincides with the axis of the internal rotation of the benzothiazole and aminobenzene rings relative to each other. Therefore, the relative rotation of fragments cannot change the direction of the transition dipole moment of ThT. As relative rotation of the dye fragments (which leads to radiationless deactivation of the dye molecules) is two orders of magnitude faster than the rotation of the ThT molecule as a whole, the molecule does not have time to change its spatial orientation during the lifetime of the excited state. That is why the fluorescence anisotropy in aqueous medium is very high, close to the limiting value 0.4 ( Figure 4(a) ) [47] . Although, in viscous isotropic solutions (99% glycerol), the characteristic time of both processes (rotations) increases, the fluorescence anisotropy of ThT remains the same (Figure 4(d) ) [47] . For comparison the results for ThT in the presence of lower concentration of glycerol (46%) are also shown (Figure 4(c) ). In the current work we found that the fluorescence anisotropy of ThT in the presence of crowding agents is also high, being close to the limiting value (Figure 4(b) ).
Interestingly, the fluorescence anisotropy of the ThT bound to amyloid fibrils, though being very high, can also be slightly lower than that of the ThT anisotropy in aqueous solution. At first glance it seems strange. However, the ThT bound to amyloid fibrils loses its peculiarities of molecule rotor, as the rotation of benzothiazole and aminobenzene rings is restricted in the bound state. First of all, this is manifested in the significant increase in the fluorescence lifetime and the fluorescence intensity on ThT binding to fibrils. Furthermore, in the excited state, the ThT molecule would tend to achieve the energy minimum at ≈ 90 ∘ , whereas the rigid environment could hinder this process. This can lead to the molecular deformation, which causes changes in the direction of the transition dipole moment that result in the decrease in the fluorescence anisotropy.
Conclusions
Our results show that the presence of crowding agents (Dextran-70, PEG-400, and PEG-12000) and glycerol in the solution leads to a red shift of absorption, fluorescence excitation, and fluorescence spectra of ThT relative to the spectrum of the dye in aqueous solution, as well as to the increase in its molar extinction coefficient and fluorescence quantum yield (5-8 times). We assume that variation of the photophysical characteristics of the dye in the presence of crowding agents and glycerol may be due to the differences in the microenvironment of the dye molecules, which causes alterations in the ThT conformation and rigidity of the molecule fragments torsional rotation relative to each other in the excited state. It is shown that ThT can be used as a marker for amyloid fibril formation not only in dilute aqueous solutions but also in modeled macromolecular crowding conditions in vitro, which simulate fibrillogenesis conditions in vivo, because the photophysical characteristics of the dye in the presence of crowding agents vary considerably less in comparison with changes induced for ThT bound to amyloid fibrils. Results of this work expand current understanding of the possibility of using fluorescent probes in conditions close to the intracellular environment.
